Calibration of proxy climate records is well-established for annually resolved proxies such as tree rings, but it has not been attempted for non-annually resolved proxies such as those from peatland surface wetness records. Several previous studies have suggested that peatland surface wetness is primarily driven by warm season moisture balance and implied a potential for producing calibrated records of deficit or precipitation. This paper presents a high-resolution testate amoebae analysis of a peat record from central Ireland covering the last c.1000 years, and provides the first attempt to produce a calibrated record of past precipitation from a peat record. Past water table depth was reconstructed using a transfer function applied to contiguous samples for the top 1m of the profile. The chronology was constrained by a series of radiocarbon ages (including 'bomb-spike' ages) and spheroidal carbonaceous particles. Correlations between reconstructed water tables and meteorological records of precipitation and deficit were strongly positive and were used to reconstruct precipitation and deficit from the last 1000 years. Validation using earlier meteorological records was hampered by very low peat accumulation rates, but suggested the summer precipitation and deficit reconstructions were more robust than a reconstruction of annual precipitation. The summer precipitation reconstruction suggests that the period AD1400-1850 experienced higher summer rainfall than for characterised by dry summers and wet winters, whilst the LIA had wet summers and dry winters. Calibration of peat surface wetness records using meteorological records holds much potential for the future and may lead to improved insights into seasonal precipitation and water balance changes. This study was limited by slow accumulation rates leading to low temporal resolution for the late 19 th and early 20 th century part of the record. Further development of the technique will require more highly temporally resolved records of change over the whole of the instrumental time period to allow a full calibration and validation approach to be applied.
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Introduction
Reconstructions of past climate change provide a context for current and future climate variability, insights into large-scale mechanisms of climate variability and tests of climate response to a range of climate forcings. The last 1000 years is an important period because major climate change has occurred over this time, many of the forcings are important in the context of future climate change, and data density is sufficient to reconstruct large-scale spatial patterns of past changes (Jones et al. 2009) . Temperature variability over the northern hemisphere is quite well understood (Mann et al. 1998 , Mann et al. 1999 , Mann and Jones 2003 , Moberg et al. 2005 , National Research Council, 2006 ) but precipitation and water balance are generally poorly constrained. It is more difficult to gain an accurate understanding of hydroclimate because: 1) instrumental records are generally not as extensive in time or space and there are significant problems with homogeneity of early measurements;
2) precipitation change displays greater spatial variability over the period of instrumental records and presumably further back in time as well; 3) most proxyclimate records are sensitive to temperature, and few records contain a clear hydroclimate signal. However, precipitation and water balance are vitally important in societal terms, both because of the dependence of food production and water supply, but also because extreme events have the potential to cause major natural disasters M A N U S C R I P T
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3 through flooding. Furthermore, many changes in large scale atmospheric circulation patterns manifest themselves in precipitation patterns as well or more clearly than in temperature changes, so past changes in these features may be revealed better in precipitation-sensitive proxies than temperature-sensitive proxies. Because of the importance of hydroclimate to human society, the potential for much greater spatial variability of temporal trends and the relationship between large scale circulation patterns and precipitation changes, an important if ambitious goal in palaeoclimate science should be to build enough records of precipitation change from a range of key regions to reconstruct hemispheric or global scale patterns of change over the past 1000 years and potentially beyond. Temperature reconstructions for the last 1000 years have shown that testing, calibration and integration of proxy records with instrumental meteorological data plays a key part in developing high quality reconstructions (Proctor et al. 2000 , Moberg et al. 2005 , Jones et al. 2009 ). Relatively few precipitation reconstructions have achieved this but there are good examples from precipitation sensitive tree ring series (Brazdil et al. 2002 , Wilson et al. 2005 , Touchan et al. 2005 , Masson-Delmotte et al. 2005 , Treydte et al. 2006 , Davi et al. 2006 , Cook et al. 2007 , and annually banded speleothems (Proctor et al. 2002) .
Peatlands provide records of water balance at approximately decadal resolution for much of the mid-late Holocene, and recent work has demonstrated that reconstructed water table records for the past 1-200 years based on testate amoebae analysis can be produced at sufficiently high resolution for direct comparison with instrumental climate data Charman 2004, Charman 2007) . These studies mainly support the idea that peatland water tables are driven by warm season water deficit (Charman 2007 , Charman et al., 2009 ), rather than precipitation or temperature per se. Warm season deficit is the total deficit for all months in the year where evapotranspiration exceeds precipitation. However, the relative importance of precipitation and temperature in driving warm season deficit varies geographically with climate regime. In temperate Europe, it is primarily a function of warm season precipitation because evapotranspiration rates are relatively low. However, there is a gradient across Europe, with precipitation more important in oceanic regions and an increasing influence of temperature variability in continental areas (Charman et al. 2004) . However, these studies have so far been conducted at only a small number of sites and whilst most of the results support the broad interpretation above, there are too few data to provide a thorough test of this hypothesis. Further data, particularly M A N U S C R I P T
from the climatic extremes of peatland distribution, are required to build a more complete understanding of response to climate change over decadal timescales.
The aim of this study is to derive a high resolution record of water table variability for a hyperoceanic site in Ireland and correlate it with local meteorological records for the past 100 years, to assess whether it can be interpreted as a record of precipitation variability, and to determine the primary drivers of water table change here. The paper also presents a first attempt at producing calibrated records of precipitation and annual deficit using the relationship with instrumental records. So far no studies have attempted to use the relationships between water table reconstructions and instrumental climate data to calibrate longer-term reconstructions.
The validity of the calibrated records derived here is assessed by comparison with both older instrumental records and regional reconstructions from documentary records.
Methods
Ballyduff is a raised bog 95 ha in extent, located in county Tipperary, central Ireland, at 53° 05' 10" N, 7° 59' 35" W, 60 m a.s.l. The geology in the area is dominated by rainfall below 1000 mm/yr (Hammond, 1981) . Although Ballyduff is not entirely intact, it is one of the less disturbed raised bogs in Ireland. The edges of the bog have been hand cut for domestic fuel resulting in encroachments of up to 50m. A series of commercial drains were cut into the SE corner of the bog between 1995 and 1999.
These drains cover an area of c.10 ha but are at least 1 km from the coring site. The bog was never exploited commercially and the drains have recently been blocked for conservation management. The bog retains a dome-shaped profile with well developed hummock-hollow microtopography. The modern vegetation is typical for an Irish midland raised bog (Kelly and Schouten 2002) ; the ground layer on the M A N U S C R I P T 
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Testate amoebae and water table reconstructions
Samples of 2 cm 3 were prepared for testate amoebae analysis using standard techniques (Hendon and Charman 1997) , except that deionised water was used as a storage and counting medium and Safranin dye was not used. Samples were analysed contiguously every 1 cm down to 90cm depth, estimated as being c. 1000 AD from previous radiocarbon results (Yeloff et al. 2006) . Counts in excess of 150 tests were made using the taxonomy of (Charman et al. 2000) . 
Chronology
The chronology for the core was based on radiocarbon analyses (pre-and post-bomb samples) and spheroidal carbonaceous particles (SCPs). Lead-210 analyses were M A N U S C R I P T
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6 attempted but detected activity was too low to permit calculation of an independent chronology (Philip Toms, pers. comm.)
SCP analysis was adapted from Rose (1990 Rose ( , 1994 These were carefully cleaned of rootlets and other contamination and stored at 4ºC
prior to analysis at the Groningen Radiocarbon Laboratory. Full details are given in (Yeloff et al. 2006 ).
The SCP and radiocarbon age estimates were used to produce an age-depth model using OxCal4.1 (Bronk Ramsey 2009), using the P_sequence command (k=5, interpolated every 1 cm as an intermediate condition between complete flexibility and rigidity) (Bronk Ramsey 2008) . Calibration curves applied were INTCAL04 (Reimer et al. 2004 ) and the NH01 dataset of (Hua and Barbetti 2004) for post-bomb ages.
Meteorological data
Monthly precipitation and temperature data were sourced from the IPCC data distribution centre (1901-1995, www .ipcc-data.org) and the Armagh observatory 
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Results
Stratigraphy
The core is composed of well preserved Sphagnum peat throughout. 
Testate amoebae and water table variability
The testate amoebae assemblages are dominated by Amphitrema species ( The assemblage data and water table reconstructions were continued right to the surface at 1cm intervals. However, living tests of some taxa were found in the top 8 cm of the peat, and the record in these samples cannot be interpreted as a record of past changes. The depth at which assemblages can be considered fossil is variable between locations, dependent on the host plant species and physical structure of the peat, but it is clear that this zone extends down to at least 8cm here. This is deeper than in a previous study where living tests only occurred to 5cm depth (Charman et , 2004) . The interpretation of the uppermost zones is returned to in the discussion below.
Chronology
The SCP curve (Figure 2a ) displays a clear start point (30.5 cm), rapid increase (24.5 cm) and peak (15.5 cm) in concentration, similar to that found for many other locations in the British Isles (Rose, 1995) . Because of the difficulty in precise identification of the rapid take off point, dates were assigned to each 10% increase in the cumulative SCP curve (Figure 2b ), where 100% is the peak in SCPs, as recommended by Rose and Appleby (2005) . Some of these markers are regarded as being more or less consistent between regions, with the 50% point being particularly consistent between regions (Rose and Appleby, 2005) .
The radiocarbon ages ( The acceleration of peat accumulation over the last 50 years coincides with a switch from relatively wet to drier conditions, with water tables dropping from 1.8 cm to 9.4 cm deep over four samples representing about 5 years of peat growth in total. This is also associated with the stratigraphic change from Sphagnum cuspidatum to S. papillosum dominated peat. S. papillosum is stronger growing and probably less susceptible to decay than S.cuspidatum, which would explain the step-change in accumulation rates.
Water tables and meteorological data
The correlation between the local IPCC data and the Armagh data is strong for both temperature and precipitation, with slightly higher coefficients for temperature than for precipitation, and lowest correlations for the annual deficit, although r 2 values are still 0.78 (Table 2) . Correlations with the reconstructed water table were explored with both data sets. In terms of average conditions, Armagh is slightly drier and warmer with higher deficits than is indicated for the local area by the IPCC record.
The age-depth model was used to assign a date to each sample depth and annual water table depths were estimated by interpolation for comparison with the meteorological data. Correlations with meteorological data were based on 5 year averages of precipitation, temperature and annual deficit data. This was done for several reasons; 1) individual samples mostly span > 1 year, 2) there is likely to be a lag in biological response to changes in prevailing weather, 3) the chronological precision is not sufficient to reliably attribute individual samples to individual years.
The 2σ age ranges for modelled ages after the mid-1950s is of the order of 1-3 years so a 5 year mean is reasonable. Correlations were limited to the period AD 1958 onwards because of the very slow accumulation rate and large error ranges (± 15-20 years) in the age-depth model prior to this.
The correlation with the local data 1958-1995 shows strongest correlations with precipitation (JJA and annual) and deficit (Table 3) population is likely to be longer than for many other sites in Europe. Moisture levels may therefore be influential for testate amoebae populations over most of the year.
Water table and climate reconstructions for the last 1000 years
The relationships described above provide the basis for the calibration of the 1000 year record of water and calculated 5 year running averages. A comparison with the longer term reconstruction of summer precipitation of (Pauling et al. 2006) suggests that the water (Pauling et al. 2006) . The JJA records for the extreme west mid-latitudes are likely to be some of the least reliable. The records used for the reconstruction in this region are based only on the same instrumental series discussed above; the closest longer record used is the speleothem record of (Proctor et al. 2000) , which is sensitive to annual and winter precipitation rather than summer variability, probably also with some influence of temperature. Low frequency precipitation variability may be reduced in the Pauling et al. (2006) reconstruction.
Even in the historical time period, low frequency variability is less than that of the meteorological records (Figure 4 a, b) . Hence it remains plausible that long-term average summer precipitation was consistently higher during the 15 th to 19 th centuries. deposition from western Ireland interpreted as a record of annual precipitation (Schettler et al., 2006) , which may also be dominated by a winter signal. The interpretation of the speleothem record as a winter precipitation signal is supported by its anti-correlation with a winter precipitation tree ring series from Morocco which has been used to build a winter NAO (WNAO) series (Trouet et al. 2009 ). These records suggest a persistent positive WNAO mode during the MCA, with a transition to negative and more variable WNAO after the late 13 th and early 14 th century. The transition between positive and negative WNAO modes, from wet to dry winters in Scotland, coincides with the transition from dry to wet summers shown here ( Figure   5 ). This suggests a major change in seasonality of precipitation over this period. The strong dependency of winter precipitation on the WNAO is well-known but the relationship with summer precipitation is less clear (Hurrell, 1995) . The positive phase of the summer NAO (SNAO) is associated with dry, warm summers over northwest Europe (Folland et al., 2009) . Thus, it is tentatively suggested that the persistent positive WNAO mode during the MCA was associated with a positive M A N U S C R I P T
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15 SNAO phase, leading to much greater seaonality in rainfall variability. This was reversed in the LIA with negative WNAO and SNAO, and wet summers and dry winters.
There is likely to be much more detail in precipitation variability over the last millennium than a simple shift from relatively wet to relatively dry conditions around the MCA/LIA transition. There are certainly significant changes between AD1000
and 1300. However, the lower resolution of the record for the LIA precludes the identification of obvious multi-decadal change. Further well-dated records from higher resolution deposits are required to be able to identify the nature and magnitude of such changes.
Calibration of water table reconstructions
Calibration of palaeoclimate records is routine for tree-ring studies and is selfevidently much easier for annually resolved proxies than it is for non-annual proxies, which are also usually of variable temporal resolution over time with dating precision of several years to a decade or more. Despite these problems, comparison with instrumental records provides a rigorous test of proxy-climate relationships (e.g. 
